Introduction
Recent progress in chemokine research has greatly advanced Similar to T lymphocytes, B lymphocytes show a high our understanding of the migration properties of lymphocyte.
capacity to circulate between blood, lymphoid and extraIn particular, the recognition of two functionally distinct sublymphoid compartments. In essence, bone marrow-derived families, referred to here as 'inflammatory' and 'housekeeping' naive and possible memory B lymphocytes enter lymph chemokines, has helped to define the divergent routes taken nodes, Peyer's patches, tonsils and spleen by traversing by naive and memory/effector T cell subsets (1-4). Inflamspecialized post-capillary venules or sinusoidal endothelia by matory chemokines are produced by activated tissue cells way of well-orchestrated and tissue-specific adhesion events and leukocytes at sites of inflammation, and are known to (5-7). Once inside, B lymphocytes move to the B cell follicles mobilize subsets of effector leukocytes (including activated where antigen-driven T-B cell interactions result in the effector/memory T lymphocytes) during the course of the formation of germinal centers, i.e. the site of B lymphocyte disease. By contrast, housekeeping chemokines are found in proliferation and Ig-affinity maturation (8-10). After exit from discrete microenvironments within lymphoid and certain extrasecondary lymphoid tissues memory B lymphocytes and lymphoid tissues where they regulate the localization of effector cells (plasmablasts) home to discrete anatomical lymphoid cells during lymphopoiesis, antigen priming and locations, such as bone marrow, epithelial tissues and some immune surveillance. In general, housekeeping chemokines inflammatory sites. do not participate in the traffic of effector lymphocytes and, By contrast to T lymphocytes, migration responses of thus, do not influence the composition of inflammatory infiltrates and, hence, disease progression.
B lymphocytes to chemokines are not well characterized. 
Cells isolation and culture
Mononuclear cell fractions from donor blood buffy coats or erythrocyte concentrates extracts were prepared by standard Ficoll-Hypaque gradient centrifugation and monocytes were Lymphocytes from human tonsil biopsies were isolated by Differences in the potency of chemokines in B lymphocyte chemotaxis.
grinding tissue material through a sieve and recovering the
After 12 h of cell culture, B lymphocytes were examined for their lymphocyte fraction by Ficoll-Hypaque gradient separation.
Tonsillar B lymphocytes were then purified as described LARC (.) and TECK (j).One typical experiment out of four is presented; SD of triplicate values Ͻ3%.
above (MACS MicroBeads). Human peripheral blood lymphocytes and monocytes were isolated from buffy coats or erythrocyte concentrates as described (41). B and T lymphocytes were cultured in RPMI 1640 plus 2 mM L-glutamine, 1% labeled secondary antibody, PE-labeled goat anti-rabbit IgG non-essential amino acids, 1% sodium pyruvate, 25 mg/ml F(abЈ) 2 , washed twice with PBS and analyzed using a FACpenicillin/streptomycin, 5ϫ10 -5 M β-mercaptoethanol (Gibco, Scan (Becton Dickinson) and the CellQuest software. LymphoPaisley, UK) and 10% heat-inactivated FCS (Inotech/Biological cyte subpopulations were gated by forward and side scatter Industries, Beit Haemek, Israel). B lymphocytes were stimuanalysis as well as lymphocyte marker (CD3, CD19) expreslated by cell culture in the presence of 1 μg/ml of LPS or, sion. For chemokine receptor transcript analysis, total cellular alternatively, by addition of mAb to CD40 plus IL-4. Briefly, RNA was isolated from B lymphocytes using TriZol (Gibcosubconfluent cultures of the murine fibroblast cell line Ltk32 BRL Life Technologies Inc.) and analyzed by ribonuclease stably expressing CD32 (37) were inhibited by S. caespitosus protection using multiprobe templates (PharMingen) as mitomycin C treatment (Sigma; 2 μg/ml, 30 min at 37°C), instructed by the supplier. In short, 32 P-labeled riboprobes washed and coated with 10 μg/ml mAb to CD40 (60 min at from each template set was mixed with 5 μg RNA samples, 37°C). B lymphocytes were added at 2ϫ10 6 cells/ml and incubated at 56°C for 12-14 h, and then treated with a mixture cultured in the presence of 10 ng/ml IL-4. Cell viability and of RNases A and T1, and proteinase K. RNase-protected, proliferation was assessed by Trypan blue exclusion and 32 P-labeled RNA fragments were separated on denaturing CD71 staining respectively. T lymphocytes were stimulated polyacrylamide gels and evaluated by PhosphorImager by culturing in the presence of 250 U/ml IL-2 or 1 μg/ml (Molecular Dynamics, Sunnyvale, CA) analysis. Northern blot phytohemagglutinin. analysis was performed as described (41). The 32 P-labeled DNA probes (~10 9 c.p.m./mg DNA) that were used corre-B lymphocyte responses to chemokines spond to the 550 bp BamHI-cut 5Ј end in CXCR4, the 550 In vitro chemotaxis was assessed in 48-well chambers (Neuro bp BstXI-cut 5Ј end in CXCR5, the 725 bp EcoRI-cut 5Ј end Probe, Cabin John, MD) using polyvinylpyrrolidone-free polyin CCR6 and the 430 bp BstXI-cut 5Ј end in CCR7. carbonate membranes (Poretics Corp., Livemore, CA) with 3 μm pores as described (41). Cell migration after incubation of the chemotaxis chambers for 120 min at 37°C (under CO 2 -Results buffered conditions) was evaluated by counting adherent B lymphocyte migration to constitutively produced chemokines cells on the lower surface of the membranes in five randomly selected fields at 1000-fold magnification in triplicate wells Human peripheral B lymphocytes were evaluated for their for each chemokine concentration. Changes in the cytosolic capacity to migrate in response to 27 human chemokines free Ca 2ϩ concentration ([Ca 2ϩ ] i ) were measured in Fura-2-in the modified Boyden chemotaxis assay. B lymphocyte loaded cells as described (33,41).
preparations obtained from buffy coats or erythrocyte concentrates consisted of 80-90% CD19 ϩ cells with minor Chemokine receptor expression contaminations of CD3 ϩ (3-6%) and CD14 ϩ (7-14%) cells. Freshly prepared B lymphocytes responded poorly or not at In flow cytometric studies, 5ϫ10 5 cells were incubated for 30 min at 4°C with PBS/2% normal AB serum containing either all to the chemokines (Fig. 1A) . Best responses were routinely obtained with SDF-1, inducing the migration of up to 10% of PE-labeled mAb (CXCR4 and CCR6), FITC-labeled mAb (CD3, CD19 IgD and CD71) or unlabeled rabbit polyclonal total input cells, followed by BCA-1, SLC and ELC (up to 7, 6 and 4% migrated cells respectively), whereas migration to IgG (CXCR5). After two washes with PBS, cell treated with unlabeled primary antibodies were incubated as above with LARC and TECK was consistently low but clearly detectable (up to 3 and 2% migrated cells respectively). Background migration (migration in the absence of chemokines) was Ͻ1% migrated cells with freshly isolated B lymphocytes. No other chemokines, including a selection that covers all chemokine receptor selectivities as well as those with unknown receptors (Table 1 ), was active when tested at a concentration range of 1 nM to 1 μM. A similar situation was observed with freshly isolated tonsillar B lymphocytes (not shown). As with peripheral blood B lymphocytes, clear migration responses were obtained with SDF-1, BCA-1, SLC and ELC, followed by in the absence of stimulatory agents (Fig. 1A) . The same set the absence of chemokines is also shown (ϫ). Concentrations of of chemokines was found to be active, indicating that culturing chemokines were as used in Fig. 1(A) . One typical experiment out of three is shown and SD of triplicate values Ͻ3%.
of B lymphocytes did not change their selectivity for chemokines. As shown by a representative experiment in Fig. 1(B) , SDF-1 had the highest potency, inducing maximal migration at 10 nM, followed by ELC and LARC (maximal migration at 100 nM), whereas maximal responses to BCA-1, SLC and geneic stimulation, B lymphocytes from each donor buffy coat or erythrocyte concentrate were cultured separately and then TECK required 1 μM or higher concentrations. Interestingly, ELC was routinely found to be more potent than SLC in B cell pooled just before running the in vitro chemotaxis assay. As shown in Fig. 2 , culturing of B lymphocytes in the absence chemotaxis which may reflect different roles (transendothelial migration versus tissue localization) played by these chemoof stimulation did not substantially alter the migration responses to optimal concentrations of chemokines in the kines in the recruitment of lymphocytes into secondary lymphoid tissues. An extensive evaluation performed with up course of 12-72 h. By contrast, LPS or anti-CD40/IL-4 treatment greatly enhanced the B lymphocyte responsiveness to to 10 individual B cell preparations per chemokine demonstrates that SDF-1, BCA-1, SLC and ELC are by far the most SDF-1, BCA-1, SLC and ELC. The effect of LPS was rapid, inducing maximal migration at 12 h of culture (30-50% active B lymphocyte chemoattractants, inducing at optimal concentrations the migration of 19-26% of input cells (Table 1) . migrated cells), whereas with anti-CD40/IL-4-stimulated cells maximal migration was seen at 36 h of culture (30-60% Responses to LARC and TECK remained much smaller. Also, substantial donor-to-donor variations in B lymphocyte migrated cells). Of note, the observed stimulatory effect was transient and declined toward base level migration within 72 h responsiveness was evident. Of note, the chemokines for which we demonstrated highest activity on B lymphocytes of culture. By 5 or 7 days of culture, stimulated B lymphocytes were indistinguishable in their chemokine responsiveness are known to be involved in the regulation of inflammationunrelated lymphocyte traffic. from those cultured under non-stimulatory conditions (not shown The large majority of freshly isolated B lymphocytes express chemokine receptors for SDF-1 (CXCR4), BCA-1 (CXCR5) B lymphocyte preparations respectively, as opposed to untreated cultures with Ͻ5% of CD71 ϩ cells; data not shown).
and LARC (CCR6) as shown by flow cytometry (Fig. 3) . We could not determine the expression of CCR7 (SLC and ELC) Viability of stimulated or unstimulated B lymphocytes did not drop below 90%, as assessed by Trypan blue exclusion, and and CCR9 (TECK) since the corresponding antibodies were not available to us. The level of surface CXCR4 and CXCR5 also the fraction of naive/memory (IgD ϩ /IgD -) B lymphocytes remained unchanged during 72 h of culture. To avoid allodid not change markedly during cell culture and was not
Discussion
Freshly isolated blood or tonsillar B lymphocytes are greatly reduced in their capacity to respond to chemokines which resembles the variable but consistently low chemokine responses obtained with T lymphocytes when examined shortly after isolation from blood or inflamed tissues (38-40). Best responses of freshly isolated, uncultured B lymphocytes were routinely seen with SDF-1 inducing migration of up to 10% of total input cells, whereas migration to other chemokines was either moderate (BCA-1, SLC, ELC, LARC and TECK) or undetectable. Short-term culture under non-stimulatory conditions greatly enhanced the migration response, being at least 2-fold (SDF-1 and BCA-1) but reaching Ͼ10-fold in some experiments for other chemokines (e.g. LARC and SLC). The reason for the enhancement effect is not clear to us at present but is certainly not related to chemokine receptor expression since the majority of freshly isolated B lymphocyte express surface CXCR4, CXCR5 and CCR6, and contain selection of chemokines to which B lymphocytes responded and, therefore, we screened the large selection of chemokines (Table 1) on B lymphocytes that were cultured for 12 h. The housekeeping chemokines BCA-1, SDF-1, SLC and ELC are influenced by cell culture under stimulatory conditions. By the most efficacious attractants for cultured blood and tonsillar contrast, clear changes in surface staining were observed for B lymphocytes. SDF-1 and ELC are the ones with highest CCR6 when B lymphocytes were treated with LPS or antipotency, inducing maximal migration at 10-100 nM, whereas CD40/IL-4, resulting in 2.5-and 4-fold reduction in the corresmaximal responses to SLC and BCA-1 occurred at higher ponding mean fluorescence intensities. No other chemokine concentrations. Additional chemokines with reduced but conreceptor for which antibodies were available was expressed sistently positive effects are TECK and LARC. No other at similar level as CXCR4, CXCR5 or CCR6 on stimulated or chemokines (Table 1) , including prominent members of all unstimulated B lymphocytes (except for CXCR3 on tonsillar structural (CXC, CC, C and CX 3 C) and functional (inflammat-B lymphocytes; data not shown).
ory and housekeeping) subfamilies as well as those with The expression of surface CXCR4 and CXCR5 correlates unknown chemokine receptor selectivity, were found to be well with the level of receptor transcripts, and strong signals active on freshly isolated or overnight cultured (peripheral/ for CCR7, as observed by RNase protection analysis, inditonsillar) B lymphocytes. cates also prominent expression of this receptor (Fig. 4) . By
Responsiveness of T lymphocytes to chemokines is greatly contrast, transcripts for CCR6 were much less abundant.
influenced by cellular activation (1, 2) , but similar studies in Also, stimulation of B lymphocytes for 12 h with either LPS or B lymphocytes have not been performed. Here we show that anti-CD40/IL-4 did not markedly affect transcript expression cell activation by addition of LPS or via CD40 signaling when signals are adjusted for differences in RNA loadings (in the presence of IL-4) greatly increased B lymphocyte (L32 expression). If anything, the level of receptor transcripts chemotaxis to BCA-1, SDF-1, SLC and ELC. The increase in is rather reduced than enhanced upon B lymphocyte stimularesponsiveness to chemokines was up to 3-fold, as compared tion. In control experiments, RNA from T lymphocytes was to cultured but unstimulated B lymphocytes, reaching the analyzed by the RNase protection method. As expected, impressive mobilization of 30-60% of total input cells. Evidtranscripts for CXCR4 and CCR7 are prominent in freshly ently, activated B lymphocytes are prime targets for chemokisolated or short-term activated T lymphocytes, whereas tranine action, surpassing by far the migration responses seen scripts of chemokine receptors for inflammatory chemokines with inflammatory chemokines on activated effector/memory (CCR1, CCR2, CCR5 and CXCR3), in addition to CXCR4 and T lymphocytes, monocytes or neutrophils. Furthermore, the CCR7, were readily observed in RNA from IL-2 cultured migration enhancement was rapid (maximal migration at 12 T lymphocytes. These results were confirmed by Northern or 36 h for stimulation with LPS or anti-CD40/IL-4 respectively) blot analysis, showing strong hybridization with DNA probes and transient, reaching base level migration at 36 h (LPS) or for CXCR4, CXCR5 and CCR7, whereas weak but clearly 72 h (anti-CD40/IL-4) of culture. Again, these effects were not detectable signals were observed with a DNA probe for CCR6 due to changes in chemokine receptor expression. Moreover, (not shown). Again, in vitro stimulation of B lymphocytes had we did not observe [Ca 2ϩ ] i mobilization responses in no marked effect. Of note, RNase protection analysis did also B lymphocytes, regardless of origin (blood, tonsils) or state reveal transcripts for CXCR3, CCR1 and CCR4 in B lymphocytes.
of activation (LPS, anti-CD40/IL-4), demonstrating that in vitro follicles (46) . Since chemokine binding induces rapid cellular desensitization that involves receptor inactivation (internalizto LARC and TECK were consistently low and remained unchanged during cell culture. Also, none of the other 21 ation and/or interruption of G-protein coupling), exposure of B lymphocytes to high levels of SLC and ELC present in the chemokines tested were found to attract stimulated B lymphocytes, including MIP-1α, MCP-1 and IL-8 which were previ-T cell-rich areas may shut down their responsiveness to these chemokines (12, 14, 41, 45) . Consequently, B lymphocytes may ously reported to be active (24, 27, 28) . Our findings do not rule out that some of these chemokines are selective for leave the T cell zones and enter B cell follicles which selectively express BCA-1 and SDF-1 (11, 34, 47, 48) . In this subpopulations of B lymphocytes which were not present in sufficient numbers for chemotaxis analysis in our cell respect, BCA-1 plays a prominent role since B cell follicle formation is greatly impaired or even absent in lymph nodes preparations.
How do our findings relate to the recirculation properties and Peyer's patches of CXCR5-deficient mice (36) . This is in contrast to the large majority of T lymphocytes which lack of mature B lymphocytes? For initiation of a humoral response B lymphocytes need to enter secondary lymphoid tissues CXCR5 and, consequently, are not recruited into B cell follicles (35) .The germinal center reaction is initiated through T-B cell which involves the migration across specialized endothelia such as high endothelial venules (HEV) in lymph nodes interactions in the follicular rim regions (46), a process which involves antigen binding to the B cell receptor, co-stimulation (6,7,42). SDF-1, SLC and ELC were shown to induce rapid and transient integrin activation on T lymphocytes, and, and T cell-derived cytokines (8,9). In this process CD40 signaling in B lymphocytes is a key event as evidenced by thus, may also do so on B lymphocytes which express the corresponding receptors (43, 44) . Murine SLC is reported to the absence of Ig class switching and abortive germinal center formation in patients with X-linked hyper-IgM syndrome be expressed on HEV and, therefore, this chemokine may play a pivotal role in the transendothelial migration process (49) . We show here that activation of B lymphocytes by anti-CD40/IL-4 or LPS increases the efficacy of their migration (45) . In agreement, naive (IgD ϩ ) B lymphocytes from CCR7-deficient mice show severely impaired homing into lymph response to chemokines which may be the mechanism for selectively trapping those B lymphocytes that are engaged nodes and Peyer's patches of normal mice, and show aberrant retention kinetics in the periateriolar lymphoid sheath of wildin T-B cell interactions. Possibly, resting B lymphocytes which do not recognize the B cell antigen become desensitized by type spleen (22). However, some CCR7 -/-B lymphocytes do enter lymph nodes and Peyer's patches, and form large local BCA-1 and SDF-1, and, therefore, are not retained in enhancement of B lymphocyte migration to chemokines is 
